The`thrifty phenotype' hypothesis proposes that fetal under-nutrition leads to fewer beta-cells within the developing pancreas [1] . This may be due either to poor vascularisation or another unknown mechanism whereby the environment defines allometric growth (increase in size of a part of the body related to growth of the whole organism). This is not dysfunctional unless the individual changes behaviour entailing increased nutritional intake or is limited to a particular type of nutrition. The transitions in diet during fetal-neonatal-childhood periods i. e. from high carbohydrate, low fat in utero to high fat, low carbohydrate during breast feeding and high carbohydrate, low fat afterwards, perhaps suggests that fat and carbohydrate are not the key dietary factors involved. Rather, absolute kilojoule or protein intake [2, 3] or specific intakes or omissions of protein/amino acids are more likely candidates [4] . The dysfunctional nature of the response becomes overt particularly when the phenotype reaches obesity [5] . Under such conditions the reduced beta-cell complement cannot Diabetologia (2000) 43: 978±985
consistently cope with the demands and diabetes may occur. Studies have shown that insulin concentrations increase with decreasing birth weight [6, 7] . Thus poor fetal nutrition may adversely affect not only insulin secretion, but sensitivity as well.
The black population of South Africa has both a high prevalence and incidence of low birth weight children [8, 9] and adult obesity [10] . Previous work has shown that birth weight and glucose tolerance have an inverse relationship and that children who gain weight in excess of that predicted by weight percentile curves are less glucose tolerant than those who track within their weight percentile throughout childhood [11] .
This study reports the effect of postnatal weight gain on beta-cell activity as expressed by proinsulin and des-31,32 proinsulin secretion as well as insulin sensitivity measured as the postprandial suppression of non-esterified fatty acids (NEFAs) and glucose disposal. The study group were children aged 7 participating in a longitudinal study (ªBirth to Tenº study) of the health and development of South African children within the Johannesburg conurbation [12] .
Subjects and methods
Subjects. This study was approved by the University of the Witwatersrand Committee for Research on Human Subjects (Medical) and the parents gave informed consent for their children to participate in the study.
The ªBirth to Tenº study group has 4029 participants [12] . A pure longitudinal cohort of black South African children was selected from this group. They had all reached full term gestation and had complete data for birth weight and weight and height at 1 and 5 years of age. We selected 240 subjects (120 boys) at random from the 468 participants who met these criteria. Field workers visited each of these chosen families to provide information about the study and request participation. From the 240 children 152 (79 boys), 1 child from each family, agreed to participate. This study sample was greater than that required as a result of power analysis (n = 110, b = 0.80, a = 0.05).
Oral glucose tolerance test. The children were fasted for 10 to 12 h before the oral glucose tolerance test (OGTT). They were weighed and their heights measured. An anaesthetic cream was applied to the site of the decubitus vein and 30 min later a cannula was inserted. A fasting blood sample was taken and 1.75 g´kg ±1 of glucose given to each child orally in the form of Lucozade. Further blood samples were taken 30 and 120 min after the glucose load. Blood samples were immediately centrifuged and glucose concentrations measured. Serum samples for insulin, proinsulin, des-31,32 proinsulin and NEFA were stored at ± 70 C until assayed.
Biochemical analyses. Glucose and NEFA concentrations were measured using commercially available enzymatic colourimetric methods (Boehringer Mannheim, Mannheim, Germany). Insulin was measured using an insulin-specific immuno-enzymetric assay (Medgenix, Fleurus, Belgium). The lower limit of sensitivity for the insulin assay was 1.0 pmol/l and the intraassay and inter-assay coefficients of variations (CV) were 3.0± 5.3 % and 5.6±9.8 %, respectively. Proinsulin and des-31,32 proinsulin were measured using a two-site immunoradiometric assay [13] . The lower limit of detection for both proinsulin and des-31,32 proinsulin was 1.0 pmol/l and the intra-assay and inter-assay CVs were less than 5 % for both.
Insulin resistance was calculated using the homeostasis model assessment (HOMA) [14] and beta-cell function by both HOMA and calculating the change in insulin and glucose concentrations over the first 30 min of the OGTT i. e. DInsulin 30 / DGlucose 30 (DI/DG) [15] .
Anthropometric measurements. Weight at birth and 7 years of age as measured by standard procedures [16] were used in the current analysis. Weight velocity between birth and 7 years was calculated and expressed as kg/year.
Data presentation and statistical analysis. The children were divided into four groups: those with birth weight and weight at 7 years below the median (3.1 kg for birth weight and 22.5 kg for weight at 7 years) were designated low-low (n = 49); those with birth weight below and weight at 7 years above the median were designated low±high (n = 27); those with birth weight and weight at 7 years above the median were designated high± high (n = 47); those with birth weight above and weight at 7 years below the median were designated high±low (n = 29).
The total insulin, proinsulin, des-31,32 proinsulin, NEFA and glucose concentrations during the course of the OGTT were calculated by measuring the area under the curve (AUC) using the trapezoid rule. The percentage levels of insulin, des-31,32 proinsulin and proinsulin were calculated by dividing the total concentration (AUC) of each peptide by the sum of the total concentrations of all the peptides and multiplying by a hundred. The percentage suppression of NEFA at 30 and 120 min was calculated thus:
[1 (NEFA concentration at 30 or 120 min / Fasting NEFA concentration] 100 Two-way ANOVA was used to determine the effect of birth weight and weight at 7 years (both split into high-weight and low-weight categories as described above) on HOMA, DI/ DG, percentage insulin-related peptides, percentage NEFA suppression levels and the AUC measured concentrations of insulin-related peptides and glucose. One-way ANOVA was used to examine differences between the four groups of children for the variables listed above and for concentrations of insulin-related peptides, glucose, NEFA and percentage NEFA suppression at the 0, 30 and 120 min time points of the OGTT. The HOMA, DI/DG, insulin, proinsulin and des-31,32 proinsulin data were skewed and were therefore logged before analysis. Statistical significance was defined as p less than 0.05.
Results
Anthropometric data. The high±high and high±low children had higher (p < 0.001) birth weights than both the low±low and low±high groups (3. Insulin, des-31,32 proinsulin, proinsulin and glucose concentrations. The 120 min insulin concentration of the low±high children was significantly higher than that of the low±low children (Table 1) as was the total insulin concentration (Fig. 1) .
The fasting des-31,32 proinsulin concentration of the low±low children was significantly lower than that of the high±high and low±high children (Table 1). The total des-31,32 proinsulin concentration was lowest in the low±low group significantly so compared to the low±high and the high±high children ( Fig. 1) .
The proinsulin concentrations for the low±high children were significantly higher than: the high±high children at fasting; the low±low children at 30 and 120 min; the high±low children at 30 min ( Table 1 ). The total proinsulin concentrations for the low±high children were significantly higher than those of the low±low, high±low and high±high children (Fig. 1) .
Two-way ANOVA showed that for total concentrations of insulin, proinsulin and des-31,32 proinsulin weight at 7 years had an influence on all three peptides (F = 5.82, p = 0.018; F = 6.56, p = 0.012; F = 14.10, p < 0.0005, respectively).
The 30-min glucose concentration was highest in the low±low group and significantly higher than the high±high and high±low children (Table 1) . Total glucose concentration (area under the curve) was highest in the low±low children and was significantly higher than in the high±low children ( Fig. 1) . Twoway ANOVA showed that birth weight had an effect on total glucose concentrations (F = 4.69, p = 0.033) and that interaction between birth weight and weight at 7 years just missed significance (F = 3.32, p = 0.07).
HOMA and beta-cell function analyses. Insulin resistance and beta-cell function (DI/DG) were highest in the low±high children, the latter variable being significantly higher than in the low±low children (Table 2) . Two-way ANOVA showed that weight at 7 years had a strong but not significant influence on DI/DG (F = 3.75, p = 0.055) and that there was a significant interaction between birth weight and weight at 7 years (F = 4.32, p = 0.04). There were no significant differences between the groups for levels of beta-cell function as calculated by HOMA (low±low 261 47; low±high 221 63; high±high 283 47; high±low 224 38).
Percentage levels of insulin and related prohormones. The percentage level of insulin was lowest in the low± high group of children and was significantly so compared to the low±low and high±high children. The low±low group had significantly higher percentage insulin compared with the high±high children (Fig. 1) .
The percentage of des-31,32 proinsulin was lowest in the low±low children being significantly so compared to the low±high and high±high children (Fig. 1) .
The percentage level of proinsulin was highest in the low±high children being significantly so compared with the high±high group (Fig. 1) .
Two-way ANOVA showed that the percentage levels of insulin and des-31,32 proinsulin were influenced by weight at 7 years (F = 10.83, p = 0.0015; F = 13.96, p < 0.0005, respectively) and that for the percentage insulin levels there was an interaction between birth weight and weight at 7 years (F = 5.59, p = 0.021). Interactions between birth weight and weight at 7 years were just less than significant for percentage levels of proinsulin (F = 2.88, p = 0.094) and des-31,32 proinsulin (F = 3.43, p = 0.068).
NEFA concentrations. The plasma NEFA concentrations were lowest in the low±high children (Ta- Comparison of means by one-way ANOVA: a p < 0.05 vs low± low group ble 3). This group also had the greatest suppression of NEFA concentrations at the 30 min time point of the OGTT being statistically significantly different from that of the high±high and low±low groups of children. There were no significant differences between the 120 min NEFA suppression concentrations. Two-way ANOVA showed that with respect to percentage suppression of NEFA concentrations at 30 min, there was an interaction between birth weight and weight at 7 years (F = 4.57, p = 0.035).
Correlations. A negative correlation was observed between fasting concentrations of NEFA and those of insulin concentrations (r = ±0.27, p = 0.005, n = 115) and between 120-min NEFA concentrations and 120-min insulin concentrations (r = ±0.38, p < 0.0005, n = 95) after correcting for age and weight in a multiple linear regression analysis. The 30-min concentration of glucose (used as the dependent variable) correlated with that of NEFA concentration (r = 0.21, p = 0.04, n = 99) independently of age, weight and that of insulin concentration.
Discussion
Our study shows that maintaining a low weight at birth and 7 years (possibly due to poor fetal and neonatal nutrition) could lead to low beta-cell numbers and activity and poor glucose tolerance. Thus, the low±low children have relatively limited beta-cell activity, high glucose concentrations and the lowest DI/ DG levels. Furthermore, in humans low birth weight is associated with low beta-cell mass [17] and in rats fed a low protein diet during pregnancy neonates are born with reduced beta-cell numbers [2, 3] . Insulin, expressed as a proportion of all the insulin-related Presentation' section of`Materials and Methods' for details of how calculation of percentage levels was carried out). &, * Total and percentage levels, respectively, in children with weight at 7 years below 22.5 kg (`low'); &, * Total and percentage levels, respectively in children with weight at 7 years above 22.5 kg (`high'). *p < 0.05, **p < 0.005 and ***p < 0.0005 vs children with`low' birth weight and`high' weight at 7 years (i. e. low±high group); + p < 0.05 and + + p < 0.005 vs children with`low' weight at birth and 7 years (i. e. low±low group)
A B C D peptides, was highest in the low±low children whereas the proportions of proinsulin and des-31,32 proinsulin as well as absolute levels were low. This suggests that processing is more complete than in other groups of children and could be a compensatory response to reduced beta-cell numbers. Despite the more effective conversion of proinsulin to insulin these children have low insulin concentrations which we suggest reflects low beta-cell mass. Low birthweight subjects who progressed to high weight at 7 years had the greatest beta-cell response and HOMA-assessed insulin resistance levels but poor glucose tolerance. Low birth weight [6, 7] and increased adipose mass [18] can both give rise to insulin resistance; a previous study has shown that lowhigh children have high indices of obesity [11] . These children also had proportionately the most proinsulin and des-31,32 proinsulin and the least insulin but absolute concentrations of all three were higher than the other groups. This suggests less efficient processing of proinsulin compared with the low±low children but a great enough flux through the processing pathway to increase serum insulin concentrations above the low±low group. The low±high children could also have more beta cells compared with the low±low cohort resulting from higher postnatal nutrition. Reduced beta-cell mass relative to the high birthweight groups, together with increased insulin resistance could explain the poor proinsulin-processing efficiency in the low±high subjects. High serum concentrations of proinsulin and des-31,32 proinsulin have been observed in Type II diabetic patients [19, 20] , glucose intolerant subjects [21] and have been used as indictors of people at risk of developing Type II diabetes [22] .
Higher weight at birth could increase beta-cell numbers and therefore function with a related improvement in glucose tolerance, as shown by the lower glucose concentrations of the high than the low birthweight children. The high±high and high±low groups of children have intermediate proportions of insulin-related peptides compared with the two low birthweight groups. Intuitively, higher birth weights could reflect better fetal nutrition which leads to better beta-cell development and lower insulin resistance.
The`thrifty phenotype' hypothesis states that poor fetal growth leads to reduced beta-cell mass or function or both [1] . This is supported by the low betacell secretory response of the low±low children. Beta-cell dysfunction is also apparent in the low±high children who have high plasma and percentage levels of des-31,32 and intact proinsulin and low percentage levels of insulin. Compared with the low±low the low±high subjects have, however, higher plasma insulin and DI/DG levels possibly as a result of higher postnatal nutrition in the latter subjects leading to a higher beta-cell mass. Thus, high weight gain in childhood could allow for increased beta-cell neogenesis but also be detrimental to beta-cell function especially when it occurs in low birthweight children. This is shown by the low±high children having higher fasting, total and percentage levels of proinsulin and lower percentage insulin levels but similar weight velocities compared with the high±high children. This interaction between birth weight and weight at 7 years is highlighted by two-way ANOVA which shows that it influences beta-cell function (DI/DG), percentage levels of insulin and postprandial suppression of NEFA concentrations. An earlier study using the same group of children [11] found that total insulin concentrations correlated negatively with birth weight but only after adjustment for current weight. This suggests that weight gain between birth and 7 years is a major determinant of insulin concentrations [23] . Two-way ANOVA shows that high weight at 7 years is associated with increased insulin and prohormone concentrations and high percentage des-31,32 proinsulin levels indicating that high weight at 7 years independent of birth weight can also influence beta-cell activity.
Additional support for the`thrifty phenotype' hypothesis comes from the association of low birthweight with high glucose concentrations in this study and from a previous study showing a negative correlation between birth weight and glucose concentrations in this same cohort of children from the ªBirth to Tenº study group [11] .
The low±low children show characteristics of reduced beta-cell mass whereas the low±high group have beta-cell dysfunction arising from both insulin resistance and possible reduction in beta-cell numbers. The low±high children could therefore be at risk of developing Type II diabetes later in life especially if they maintain a high body weight. The lowlow children will be at high risk of developing diabetes if they become obese; studies have shown that low birth weight in conjunction with a high adult BMI predisposes to the development of Type II diabetes [5, 24] . It is also possible that if fetal and postna- ) Figures in parentheses are percentage levels. Comparison of means by one-way ANOVA: a p < 0.05 vs low±high children tal nutrition were very poor these subjects could become diabetic even without becoming obese. Of note is that lean Type II diabetic patients have reduced beta-cell secretory activity compared with obese diabetic patients [25] . Low birth weight is associated with insulin resistance in adults [6, 7] but not with poor beta-cell function. In our investigation when the low birthweight children were, however, examined as low±low and low±high groups an association between low birth weight and poor beta-cell function was seen. The reasons for our new findings could be that other studies have not used this approach to evaluate indices of beta-cell activity and most have studied the relation between birthweight and glucose tolerance in adult, First World populations; our study used infants from a developing country in which increased urbanisation is causing a nutritional transition to a more westernised diet [26] . Two studies that measured glucose tolerance in children from a developing country (India) also found low birth weight to be associated with poor glucose tolerance [27, 28] .
The absolute concentrations of circulating insulinrelated peptides are dependent not only on beta-cell secretion but also the clearance rate of these peptides. Insulin clearance has been shown to be reduced in obese compared with non-obese children [29] . A difference in clearance rates is, however an unlikely single cause of the variation in serum insulin concentrations as this would not explain the inter-group differences in the proportions of insulin-related peptides. The similar rates of decline of insulin concentrations observed after 30 min in this study and the differences in absolute and percentage levels of insulin and the prohormones are better explained in theory by variation in secretion rather than clearance rates.
We used HOMA to assess insulin resistance; betacell function was assessed using HOMA and the 30-min increment in insulin levels (DI/DG) and other studies have shown that DI/DG is the better measurement of beta-cell function [30, 31] . The HOMA method for calculating insulin resistance and DI/DG gave credible results in both this and a previous study (HOMA only) [11] : both have been tested in a variety of different population groups [15, 27, 30, 31] . A recent investigation has also used both these models for assessing glucose tolerance in 8-year-old Indian subjects [27] . Although neither method has been validated in children we believe that they are the best currently available techniques for measuring insulin resistance and beta-cell function in a large group of children.
Postprandial suppression of NEFA levels is mainly due to the antilipolytic action of insulin [32] thus the negative correlation between NEFA and insulin in this study. During the course of the OGTT suppression of NEFA levels was greatest in the low±high children. This is notable because data on glucose clearance showed that low±high children were more insulin resistant than other groups. Possible mechanisms by which this can occur include differential tissue expression of the insulin receptor or tissue-specific down-regulation of the insulin receptor signalling pathways. Selective resistance of different metabolic functions to the action of insulin has been observed before: in essential hypertension insulin-stimulated glucose uptake is reduced but suppression of lipolysis is not [33] .
The low±high and high±high children have similar insulin concentrations but the former group suppress NEFA concentrations more effectively. This could be a metabolic adaptation induced by a low nutrient fetal environment and ensures storage of triglycerides in times of high nutrient intake. The high±high children might have been exposed to a nutrient-rich environment during fetal and postnatal periods and therefore their metabolism has adapted to reduce stored triglyceride concentrations. The low±low children have reduced insulin concentrations which could act in their favour by causing immediate release, rather than storage of NEFA for use by essential organs such as the CNS. Furthermore, by maintaining high serum NEFA concentrations, the Randle cycle [34] could reduce glucose uptake in insulin-sensitive tissues ensuring preferential use of glucose by essential tissues. Our results show that NEFA concentrations correlate positively with postprandial glucose concentrations. In the high±low children insulin suppresses NEFA to a level intermediate to that of the low±high group and the high±high, low±low groups.
Studies carried out on the offspring of rats fed a low protein diet during pregnancy followed by a postweaning diet higher in protein have shown that adipocytes isolated from these animals have higher insulinreceptor numbers [35] and increased phosphatidylinositol 3-kinase activity associated with insulin receptors [36] than adipocytes from the offspring of rats fed a diet containing high protein during pregnancy. Thus, adipocyte insulin sensitivity can be modified by the protein content of the diet during pregnancy. If a similar mechanism exists in humans then this could explain the higher insulin sensitivity of NEFA suppression observed in the low±high children.
The reasons for low weight at birth and 7 years and changes in weight tracking that have been shown in this study, are not known. The most obvious cause is nutritional but we cannot rule out other factors such as maternal smoking and alcohol intake. The`thrifty phenotype' hypothesis [1] puts much emphasis on nutrition during fetal life influencing beta-cell numbers and insulin sensitivity and data from experimental animal studies supports this [2, 3, 37] . Our study shows that in humans, factors acting between birth and 7 years of age in combination with factors in utero are important in determining the adequacy of betacell function. The factors involved are not known but nutrition must be important. Another study has shown that 50 % of the adult complement of islets are present within the pancreas by the age of 1 year [38] and therefore it is feasible that nutritional intake during both fetal and postnatal periods has implications for beta-cell numbers and insulin sensitivity.
Glucose intolerance could result from a reduced capacity of the endocrine pancreas to process proinsulin into insulin. This could arise due to a combination of poor fetal nutrition which reduces beta-cell numbers and increases insulin resistance, and high postnatal caloric intake. The insulin secretory and proinsulin-processing capacity of the islet beta-cells could then be overwhelmed. Furthermore, exposure to such extremes of nutritional intake leads to metabolic adaptations that involve differential responses to insulin action; glucose uptake is reduced while inhibition of lipolysis is enhanced. This ensures that energy stores are maintained for use in times of poor nutrition. We believe that both fetal and postnatal nutrition have strong influences on beta-cell growth and that in developing countries poor nutrition at these times will profoundly affect glucose tolerance. The rising incidence of obesity within these countries especially in children [39] will lead to further rises in Type II diabetes prevalence which can be avoided by ensuring adequate nutrition during both pregnancy and early childhood.
